The effects of a long-acting synthetic ACTH on 4-hydroxyaminoquinoline 1-oxide (4HAQO)-induced adrenocortical lesions were investigated in female rats. A total of 140 6-week-old rats were divided into 4 equal groups, given a single sc injection of 7 mg/kg 4HAQO or vehicle, followed by repeated sc administration of the synthetic ACTH or no further treatment. Subgroups of 10 rats in each group were sequentially sacrificed at weeks 20, 30, and 40. Adenomas and adenomatous nodules developed in the adrenal cortex of animals receiving 4HAQO and the chronic ACTH stimulation. Both lesions were located in the deeper zones of the adrenal cortex adjacent to the medulla and were composed of large-sized, clear-type cells. From week 20, middle zone, cortical cystic degeneration, which mimics the age-associated degenerative change named adrenal peliosis, was frequently observed in the adrenal glands of animals treated with 4HAQO alone. Its development was inhibited by ACTH. In the control animals, peliotic changes occurred at low incidence and only at the termination of experiment. These results indicate that long-term stimulation of ACTH promotes the development of adrenocortical tumors but suppresses the occurrence of adrenal peliosis in rats treated with 4HAQO.
INTRODUCTION
Among the endocrine tissues, the adrenal cortex appears to be one of the most vulnerable to chemically induced injury and in fact develops neoplastic or non-neoplastic lesions in response to a wide variety of chemicals (4, 10, 24 ). 4-Hydroxyaminoquinoline 1-oxide (4HAQO), an intermediate metabolite and possible proximate carcinogenic form of 4-nitroquinoline 1-oxide (12) , is both toxic and carcinogenic to organs such as the pancreas and lung in rodents (9, 20) . Recently, we have established that a single intravenous injection of 4HAQO to female Sprague-Dawley rats results in the development of adrenocortical cystic degeneration, which mimics an ageassociated degenerative change, namely, adrenal peliosis (6) . In old female rats, adrenal peliosis of the zona fasciculata occurs spontaneously at a high incidence (6, 22) . It is also found in mice transplanted with ovarian granulosa cell tumors (8) .
A great deal of evidence is available showing that chronic ACTH administration induces time-dependent hypertrophy of adrenocortical cells (1) . However, as far as we know, experimental induction of adrenocortical tumors by ACTH has never been reported. Recently, an analogue of ACTH, [Aibl, Lysl7-19]-ACTH-(1-19)-NH2, was synthesized, which proved on administration to be capable of elevation causing persistent of high blood ACTH levels. The present study was performed to examine the effects of long-term ACTH stimulation on the development of adrenocortical lesions in rats treated with 4HAQO.
MATERIALS AND METHODS
Animals. A total of 140 female 5-week-old Sprague-Dawley rats purchased from Charles-River Japan Inc (Tokyo, Japan) were housed in a barrier-sustained animal room conditioned to a 23 ± 2°C temperature and 60 ± 5% relative humidity under a daily cycle of alternating 12-hour periods of light and darkness. The animals were given commercial standard diet (CRF-1, Charles-River Japan Inc) and tap water ad libitum.
Experimental Design. The synthetic ACTH analogue [Aibl, Lysl7-19]-ACTH-(1-19)-NH2 and 4HAQO were generous gifts of Shionogi Co Ltd (Osaka, Japan). The ACTH analogue was used as a 0.01% solution in physiological saline. An aqueous solution of 4HAQO was prepared as follows: 70 mg of 4HAQO hydrochloride, MP 191-198°C, was dissolved in 2.0 mg of 0.1 N HCI and diluted to 50 ml with addition of physiological saline.
The animals were divided into 4 groups. Group 1 (control) was given a single sc injection of 0.5 ml of 0.005 N HCI and then maintained without further treatment (n = 30). Group 2 received a single sc injection of 0.5 ml of 0.005 N HCI and after that sc injections of the ACTH solution 6 times a week at a dose of 0.2 mg/kg body weight (n = 30). Group 3 was given a single sc injection of 4HAQO at a dose of 7 mg/kg body weight and then maintained without further treatment (n = 40). Group 4 received a single sc injection of 4HAQO and then sc injections of the ACTH solution 6 times a week as in group 2 (n = 40). Ten rats in each group were sacrificed TABLE l.-Changes in body and relative organ weights (mean ± SD) in rats treated with a single sc injection of 4HAQO followed by SC injections of ACTH for 40 weeks.° p < 0.05, as compared with the control. b p < 0.01, as compared with the control. at 20, 30, and 40 weeks after 4HAQO or HCI sc injection to allow sampling of tissues. The adrenal and pituitary glands were immediately excised, weighed, and fixed in 10% phosphate-buffered formalin for histological examination. Paraffin sections cut at 4 jjun through the central adrenal regions were stained with hematoxylin and eosin (H&E) for histopathological evaluation. Electron Microscopic Examination. Three left adrenal glands from each group were minced into small .pieces and fixed in phosphate-buffered 2.5% glutaraldehyde for 2 hours at 4°C, postfixed in phosphate-buffered 1.5% osmium tetroxide for 1 hour, dehydrated through a series of alcohol concentrations, and embedded in Epon 812. Ultrathin sections were stained with uranyl acetate and lead citrate and examined by electron microscope (JEM 100CXS, JEOL, Tokyo).
Statistics. Statistical significance was analyzed by Student's t-test and Fisher's exact probability test.
RESULTS
All rats in groups 1 and 2 survived until the termination of the experiment without symptoms. In groups 3 and 4, 10 rats of each group died of acute toxic effects within 7 days of the administration of 4HAQO. The remaining rats survived the experimental period.
Mean body and organ weights of each group at the 40th experimental week are shown in Table 1 . Body weights of animals receiving 4HAQO followed by ACTH for 40 weeks showed a tendency for decrease. However, no significant influence of the 4HAQO and/or ACTH on body weight gain was observed at any time during the study. Adrenal relative weights in the ACTH-treated animals were significantly (p < 0.01 or 0.05) greater than in the respective control rats without ACTH or 4HAQO, while pituitary weights were significantly reduced (p < 0.01). Similar trends in body and organ weights were also observed at the 20th and 30th weeks of the experiment (data not shown).
Histologically, hypertrophy of the adrenal cortex was observed at all stages, but no change was detected in the pituitaries of animals treated with ACTH. Occurrences of adenomatous nodules and adenomas of the adrenocortex in each group at the different time points are shown in Table 2 . These proliferative lesions occurred only in rats treated with 4HAQO followed by ACTH. Cortical adenomas/adenomatous nodules increased in number in a time-dependent manner. Microscopically, adenomas/ade- nomatous nodules of the adrenal cortex were located in the deeper zones, mainly in the zona reticularis of the cortex adjacent to the medulla (Figure lA) . The component cells of these neoplastic lesions were larger than normal cortical cells and possessed clear or slightly granular cytoplasm with minimal nuclear pleomorphism. Mitotic figures were sometimes observed ( Figure 1B ). Figure 1A showing solid clusters and thick cords of cells with round nuclei. H&E. X 122. The incidence data for adrenal peliosis observed at the different time points investigated are shown in Table 3 . ACTH following 4HAQO significantly (p < 0.01) inhibited its induction. Microscopically, the lesions were located in the zona fasciculata and zona reticularis ( Figure  2 ) and were characterized by incompletely encapsulated hemorrhages. Endothelial linings were not always visible, and the larger lesions compressed the surrounding cortical parenchyma. Hemorrhagic lesion contained fibrin (Figure 3 ). The lesions were generally associated with cortical cell degeneration, vacuolation, and ballooning of the cytoplasm. Electron microscopically, the cytoplasm of cells in areas of edema demonstrated irregularly shaped or enlarged mitochondria, and erythrocytes and sometimes thrombocytes were seen in the edema areas (Figure 4 ). With increasing edema, the endothelial cells of capillaries showed marked folding and occasionally loss of integrity. Erythrocytes were often apparent in the subendothelial spaces. The incidence of adrenal peliosis was significantly (p < 0.05) decreased by chronic ACTH stimulation at any period. These lesions increased in severity in a time-dependent manner, and sometimes hemorrhage extended up to the surface of the adrenal causing an elevation of the capsule.
In the control animals, peliotic changes occurred at low incidence at the 30th or 40th weeks of the experiment. Only 1 animal receiving 4HAQO and ACTH showed a peliosis-like lesion.
DISCUSSION
In the present experiment, adenomatous nodules and adenomas occurred in rats receiving a single sc injection of 4HAQO followed by long-term stimulation of ACTH but not after the carcinogen alone. It is known that cortical tumors can be induced by subcutaneous injection of estrone pellets (7) . Although other methods, such as irradiation or treatment with chemical carcinogens, have been used for induction of cortical tumors (2, 3, 17, 25) , few successful experimental regimens have been established. A number of treatments increase numbers of cortical focal alterations, and single doses of various chemical carcinogens and tumor promoters have be shown to act mitogenically on the rat adrenal cortex (5) . A great deal of evidence is available that chronic ACTH stimulation induces a time-dependent notable hypertrophy of adrenocortical cells (18) , although it has not hitherto been reported that ACTH is linked with enhanced adrenocortical tumorigenesis as indicated here. Paradoxically, ACTH may inhibit cell proliferation in the Y mouse adrenocortical tumor cell line (14, 15) and adrenocortical cells isolated from rats (21) as well as with chronic ACTH treatment (13, 19) . It is of interest that the adenomas in the present experiment were located predominantly in the zona reticularis because nuclei of adrenocortical cells in the zona glomerulosa demonstrated more 4HAQO-adduct formation than those in the zona fasciculata and reticularis in our previous study (11) . Adrenal cortical tumors induced by estrogens respond to hormonal stimuli, and isolated cells in vitro show altered function as compared with normal adrenocortical cells in rats (16, 23) . Variation in response dependent on the anatomic location may be related to the discrepancy between sites of adrenocortical tumor development and DNA-adduct formation by 4HAQO. Comparison of the incidence of peliotic lesions in the adrenal cortex at the different time points clearly demonstrated that a single sc injection of 4HAQO can induce their development, while ACTH suppresses it. Although it has been shown that peliosis of the zona fasciculata occurs spontaneously in aged female rats (6, 22) , in this case no accompanying degenerative alteration of adrenocortical cells has been described (6) . In 4HAQO-induced adrenal peliosis in rats observed in the present study, peliotic alterations were always associated with degeneration of the parenchyma of the adrenocortex. Moreover, early or minimal peliotic changes were observed without hemorrhages. Taken together with the microscopic findings, our ultrastructural observations suggest that degeneration of parenchymal cells and vascular damage could be the primary lesions. The mechanisms of suppression of the development of adrenal peliosis by ACTH warrants further attention.
Meanwhile, pituitary weights of ACTH treated rats were significantly more decreased than those of control rats, indicating a negative relationship between pituitary weight and ACTH treatment. Decreased stimulation for ACTH in the pituitary could be involved in the mechanism.
In conclusion, the present experiment indicates that long-term ACTH administration promotes the development of adrenocortical tumors but suppresses the occurrence of adrenal peliosis in rats treated with 4HAQO.
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